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Abstract
We present new results of a completed PHENIX analysis of ψ(2s) modification at midrapidity in 200 GeV d+Au collisions. Strong
suppression of the ψ(2s) relative to the J/ψ is observed. This difference in suppression is too strong to be explained by breakup
effects in the nucleus, due to the short nuclear crossing times at RHIC. Given the observation of long range correlations in p(d)+A
collisions at LHC and RHIC, consistent with hydrodynamics, these observations raise interesting questions about the mechanism
of ψ(2s) suppression when it is produced in a nuclear target.
In 2012, the PHENIX Collaboration installed the FVTX, a silicon tracker that precisely measures muon pair opening angles
prior to any multiple scattering in the muon arm absorber, and thus provides an improved dimuon mass resolution. The FVTX
allows the ψ(2s) to be separated from the J/ψ at forward and backward rapidity for the first time at RHIC. We present new results
on ψ(2s) production in p + p collisions at
√
s = 510 GeV from the 2013 data set.
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1. Introduction
Charmonia production in relativistic nuclear collisions has been a subject of intense theoretical and experimental
investigation for decades (see [1] for a recent review). While far from the unambiguous signature of deconfined
plasma formation expected from early calculations [2], charmonia measurements have nevertheless been a source of
considerable insight into the dynamics of particle production in hot and cold nuclear matter. The PHENIX experiment
was specifically designed to measure charmonia production through decays to dielectrons at midrapidity and dimuons
at forward rapidity [3]. In these proceedings, we present finalized PHENIX results on ψ(2s) production in d+Au
collisions at midrapidity [4], and show the first results from a new silicon tracking detector, the FVTX, which enables
the ψ(2s) to be measured at forward rapidity for the first time at RHIC.
2. Charmonia suppression in d+Au collisions at RHIC
Charm production in a nuclear target is sensitive to a variety of initial and final state effects that do not occur in the
more elementary p+ p system. Since the dominant heavy quark production mechanism is gluon fusion, modifications
to the gluon parton distribution function in the nucleus will affect the charm cross section. Interactions with nuclear
material can cause charm quarks to lose energy and/or broaden the charm pT spectrum. Bound cc¯ states have addi-
tional suppression mechanisms, since they can be broken up through interactions with the nucleus or with comoving
particles.
1A list of members of the PHENIX Collaboration and acknowledgements can be found at the end of this issue.
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Figure 1. RdA of open and hidden heavy
flavor at forward rapidity (d−going direc-
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Figure 3. RdA of open and hidden heavy
flavor at backward rapidity (Au-going di-
rection).
Measurements at RHIC have indeed confirmed that J/ψ meson production is suppressed with respect to the open
charm baseline. Figs. 1 through 3 show the nuclear modification factor RdA for J/ψ mesons and leptons from open
heavy flavor decays, at forward, mid-, and backward rapidities, respectively, using data from [5, 6, 7]. At forward
rapidity, both J/ψ and open heavy flavor exhibit suppression compared to a p + p reference. However, at mid- and
backward rapidity, open heavy flavor is enhanced while J/ψ production is suppressed, indicating that there is an
additional mechanism inhibiting charmonia formation. We note here that care must be taken when making direct
comparisons between the pT dependence of these measurements, due to the kinematic differences between fully
reconstructed J/ψ mesons and leptons from decays of heavy flavor hadrons.
Several models that include various combinations of gluon shadowing, charm energy loss, multiple scattering in
the nucleus, and nuclear break-up have been able to reproduce facets of the J/ψ data [8, 9, 10]. As a further constraint,
we turn to the excited charmonium state ψ(2s). Fig. 4 shows the nuclear modification factor RdA for J/ψ and ψ(2s),
as a function of Ncoll. We observe that the ψ(2s) has a markedly different trend than the J/ψ, and is more suppressed
by a factor of ∼3 in the most central d+Au collisions.
As with all charm, ψ(2s) production is sensitive to initial state effects such as gluon shadowing and energy loss
in the nucleus, and as a cc¯ bound state it is subject to breakup effects. Due to the short crossing time at RHIC, the
average proper time the cc¯ pair spends in the nucleus is only ∼0.05 fm/c, much shorter than the J/ψ formation time of
∼0.15 fm/c [11]. Since the charm quarks exist only as a precursor state while in the nucleus, no breakup mechanism
that acts within that time scale can have different effects on J/ψ and ψ(2s) production. However, effects which occur
after hadronization may very well be more significant for the ψ(2s), as its small binding energy of ∼50 MeV may
allow it to be more easily disrupted.
We see in Fig. 5 a model which successfully describes the ψ(2s) modification relative to that of the J/ψ in fixed
target experiments [11]. This model considers the precursor cc¯ state as two quarks that expand linearly with time. Due
to its larger radius, the ψ(2s) is more susceptible to breakup while in the nucleus, since it is effectively a larger target.
However, this model fails to describe the relative modification seen at PHENIX, where crossing times are very short.
These observations indicate that the mechanism behind the larger relative suppression of ψ(2s) acts after hadroniza-
tion, which at RHIC occurs outside the nucleus. Interactions with comoving particles produced in the event could
produce such an effect.
3. New capabilities at Forward Rapidity
The midrapidity data on ψ(2s) suppression raises questions about the influence of comoving particles on charmo-
nium outside the nucleus. Measurements at forward and backward rapidity in p+Au collisions allow us to examine
charmonium production under different conditions: in the p−going direction, the nuclear crossing time is shorter and
the produced particle density is relatively low. In the Au-going direction, the time the precursor state spends in the
nucleus is longer and the co-moving particle density is higher. However, the existing PHENIX muon spectrometer
arms do not have sufficient mass resolution to separate the ψ(2s) peak from the much more prominent J/ψ peak in the
dimuon continuum.
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Figure 4. The nuclear modification factor RdA for J/ψ and ψ(2s)
production at midrapidity.
Figure 5. Relative modification of ψ(2s) and J/ψ as a function of
proper time spent in the nucleus, for PHENIX, NA50, and E866
[4, 12, 13]. A model which describes the fixed target data breaks
down for the PHENIX data [11].
The capability to separate the two states was achieved in 2012 with a major upgrade to the PHENIX muon spec-
trometers. The Forward Silicon Vertex Detector (FVTX, [14]) provides precise measurements of charged particle
tracks in front of the hadron absorbers, allowing for a determination of muon pair opening angles before they undergo
any multiple scattering in absorber material, which greatly improves the dimuon mass resolution. Fig. 6 shows the
dimuon mass spectrum from the 2013 p + p dataset using the pair opening angle as measured by the South PHENIX
muon trackers (which are behind the absorber) and the FVTX.
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Figure 6. Dimuon mass spectra in the PHENIX South muon arm
using only the muon trackers, and the muon trackers with the
FVTX.
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Figure 7. Fit to dimuon mass spectra used to extract the J/ψ and
ψ(2s) peaks.
The same data is shown in Fig. 7, with a reduced scale to focus on the mass region of interest. A fit consisting
of a Crystal Ball plus Gaussian is used to extract the J/ψ and ψ(2s) counts, with the background represented by the
mixed-event combinatorial contribution plus an exponential. During fitting, the difference between the peak centers is
set to the PDG value of 0.589 GeV. The ratio of the yields of these two states is corrected for the difference in detector
efficiency, and shown in Fig. 8, along with world data from other experiments (see [15, 16, 17] and references
therein). The error bar on the ratio is the quadrature sum of the statistical uncertainty and the systematic uncertainty
due to uncertainties in the relative widths of the Gaussian component of the fit, dimuon trigger efficiency, background
contributions, and detector efficiency. The new PHENIX measurement is consistent with world data and has an error
bar that is comparable to other precision measurements.
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Figure 8. World data on the ratio of ψ(2s)/J/ψ production as a function of collision energy, in p + p and p+A collisions.
4. Conclusions and Outlook
The midrapidity data on ψ(2s) production in d+Au collisions at PHENIX indicates that there is an additional
suppression mechanism that affects the 2s state more significantly than the J/ψ. The short crossing time at RHIC
suggests that this suppression occurs outside the nucleus, possibly through interactions with comoving particles. With
upgraded capabilities at forward and backward rapidity and proven results from the 2013 p + p data, the PHENIX
experiment is well prepared to measure ψ(2s) production in an expanded kinematic range in the 2014 Au+Au and
2015 p+Au datasets.
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